that the illusion persists with a wide range of radial lines and annulus colours. In a follow-up study, Kumar and Glaser (2006) have recently defined the optimal stimulus parameters for the appearance of rotary motion.
A major difference that distinguishes the Enigma illusion from other motion illusions, such as the Pinna^Brelstaff illusion (Pinna and Brelstaff 2000) , the Rotating-Snakes illusion (Kitaoka 2000) , and the Rotating-Tilted-Lines illusion , is the spontaneous reversal from clockwise to counterclockwise motion in the Enigma figure, although motion in both directions can sometimes be seen concurrently on different annuli. This reversal in direction occurs on average every 4.7 s . In contrast, the three illusory phenomena described above occur lawfully and might phenomenologically be reminiscent of a motion phenomenon (spatial displacement) previously reported by Gregory and Heard (1983) . Furthermore, the Rotating-Snakes illusion is a more aesthetic variant of the Peripheral Drift illusion (Fraser and Wilcox 1979; Faubert and Herbert 1999; Kitaoka and Ashida 2003) . Another difference is the restlessness (`jazzing') perceived in the Enigma pattern, but not with the Pinna^Brelstaff or Rotating-Snakes illusions (Murakami et al 2006) .
Jazzing seen in Enigma is reminiscent of a phenomenon known from`Op Art' such as in Riley's Fall dated 1963. It has been attributed to moire¨effects resulting from the superposition of the afterimage onto the stimulus pattern and its displacement by saccadic eye movements (Wade 2003 ). An analogous explanation was set forth by Gregory (1993 Gregory ( , 1994 Gregory ( , 1995 , who pointed out a similarity of Leviant's Enigma illusion to the`complementary' afterimage in MacKay's (1957a MacKay's ( , 1957b MacKay's ( , 1958 ray and bull-eye patterns. Gregory hypothesised that changes in image size and retinal position caused by accommodative changes and rapid eye movements give rise to retinal motion signals.
This explanation, although plausible, does not fully hold up. Zeki (1994 Zeki ( , 1995 demonstrated that streaming motion continued to be seen in the Enigma figure despite an atropinised lens, ruling out accommodation and suggesting fixational instability as a possible source of origin for the streaming motion and the accompanying jazzing in the Enigma figure (Mon-Williams and Wann 1996; Fermu« ller et al 1997) . However, we already know that jazzing is not seen without eye movements. This has been shown with a stimulus pattern (Neal's`Square of Three') stabilised on the retina (Kupin et al 1973) ; a flash exposed MacKay pattern (Gregory 2002) ; and by recording microsaccades during viewing of Bridget Riley's Fall (Zanker et al 2003) . Furthermore, jazzing can be seen with closed eyes after prolonged viewing of a grating stimulus such as that used by MacKay. This aftereffect suggests a neural component; moire¨fringes cannot explain this result.
In order to learn about the mechanisms (and boundary conditions) underlying streaming motion in the Enigma illusion, I performed four experiments. Specifically, I tested the Enigma illusion with (i) chromatic and achromatic annuli; (ii) a paralysed lens and a pinhole (to control for accommodative changes); (iii) an afterimage (to control for eye movements); and (iv) various kinds of inducers.
2 Experiment 1: Annulus colour First, I asked whether some annulus colours would elicit illusory streaming motion in the Enigma figure more strongly than others and whether coloured annuli were needed at all.
Method
A stimulus with three bipartite annuli having different shades of blue (figure 2a); a stimulus with three bipartite annuli having different shades of grey; one with three bipartite annuli with the same shade of red on the outside and the same shade of green on the inside; and a stimulus with a dark-blue/light-blue outer annulus, a violet and purple annulus in the middle, and a dark-orange/light-orange inner annulus (figure 2b) were used in this experiment (4 stimuli). Blue and grey annuli typically consisted of a more saturated, darker outer perimeter and a less saturated, brighter inner perimeter. The various colour stimuli (figure 2b) consisted of six different hues and luminances. The central disk of the stimuli was always yellow. The RGB coordinates of these colours as measured with a Spectra Scan PR650 (Photo Research) are given in table 1 as are their luminances. No effect was made to control for hue, saturation, brightness (HSB), and spectral purity of the stimuli, since I was interested only in the question whether colour as such is crucial or not.
These variants of the original Enigma figure (and all other stimuli used) were created in CorelDraw 12. Stimulus patterns consisted of 128 black radial lines with three concentric annuli superimposed onto them. The lines had a duty cycle of 1 X 1. Stimuli had a black fixation point in the centre and were presented on a FujitsuŜ iemens Amilo-A digital flat screen with a resolution of 10246768 pixels in a dark room. Additionally, paper printouts of the same figures were presented under an overcast sky at noon time to rule out possible artifacts resulting from the monitor refresh rate.
All stimuli were viewed once from a distance of 50 cm, corresponding to an angular subtense of 25.4 deg. Perceived strength of apparent rotation was measured by magnitude estimation with 0 (no motion, figure 2i) and 4 (strong motion, figure 1a) serving as lower and upper anchors. Magnitude estimates within this range could be used in steps of 0.5. Seventeen subjects (mean age 23.2 years; SD 1X4 years) with normal or corrected-to-normal visual acuity and normal colour vision participated in the experiment. 
Results and discussion
All subjects reported seeing annular streaming motion on the screen as well as on the printouts with all colours and colour combinations. It was slightly stronger on the paper printouts. All subjects also reported clockwise versus counterclockwise motion. Occasionally, opposite directions of motion were perceived on neighbouring annuli and even on both halves of the same annulus. Jazzing occurred only in the area between the radial lines. Data for stimuli presented on the monitor and on printouts were collapsed as there was little difference between them. Rotary motion was strongest for blue annuli (mean 2X6; SEM 0X19), followed by grey annuli (mean 2X4; SE 0X21), annuli composed of different colours in figure 2b (mean 2X1; SEM 0X20), and red^green annuli (mean 1X3; SE 0X31). The order of perceived strength is plotted in figure 3 for the different colour combinations. The strength of rotary motion perceived on the three different annuli strongly depends on the viewing distance (Leviant 1996) . But it is very difficult for subjects to differentiate between the strengths on these different annuli. Therefore, I did not analyse differences in perceived strength on different annuli within a single pattern, but rather had subjects judge the overall strength in a stimulus pattern. Paired-sample t-tests with the Bonferroni correction revealed a significant difference between mean ratings only for blue versus red^green annuli ( p 0X006). Mean ratings for grey annuli were almost as high as those for blue annuli and even higher than for all the other annuli used, indicating that colour is not a requirement for the Enigma illusion. Motion was generally more conspicuous on the lighter than on the darker half of a bicoloured annulus.
Results suggest that colour is not critical for perceived rotation, but the luminance contrast between the annuli and the background (or rays) could be important. But, meanwhile, Kumar and Glaser (2006) have shown that the streaming motion also occurs under conditions of isoluminance. They further showed that the annuli do not necessarily have to be bipartiteöa single annulus colour is sufficient for the perceived rotation. (Gregory 1993 (Gregory , 1994 Zeki 1994 Zeki , 1995 Mon-Williams and Wann 1996; Fermu« ller et al 1997;  MacKay in a personal communication to Gregory, reported in Gregory 2002; Kumar and Glaser 2006) .
Method
To rule out transient accommodative changes, I first rendered the ciliary muscles of one eye cycloplegic by instilling two drops of 0.5% Tropicamide (Mydriaticum Stulln) into the orbital sac. This procedure is similar to using atropine (Zeki 1994) . The author (KH) and an additional naive subject served as observers. The pattern depicted in figure 2a was presented on the monitor and as a paper printout.
In addition to immobilising the crystalline lens, I used a 2 mm pinhole centred before the natural pupil (Gregory 1993) . This hole admits only axial and paraxial rays and thereby increases the depth-of-focus rendering accommodation unnecessary. Figure 2a was presented again on the monitor and as a paper printout and viewed with one eye by each of five observers (mean age 24.6 years; SD 4X39 years) with normal or corrected-to-normal visual acuity. One subject was familiar with the Enigma illusion, while the other four were naive. Subjects could not see the outer edges of the stimulus pattern and did not have any information on depth (the distance of the stimulus to the eye).
Results and discussion
Rotary streaming motion was unimpaired, despite the cycloplegic lens in both subjects, confirming the observation by Zeki (1994) with atropine. Likewise, all five observers using a pinhole reported rotary motion as well; however, it was weaker than without the artificial aperture. There was no difference between the illusory percept seen on the monitor and on the paper printouts. In comparison to streaming motion, jazzing between the radial lines was absent under both conditions, confirming Gregory's observation with MacKay's ray pattern. Evidently, accommodative changes are not necessary for the Enigma illusion to be seen.
Experiment 3: Rapid eye movements
Here I asked whether rotary streaming motion in the Enigma figure could be seen without eye movements.
Method
To rule out the effects of eye movements, I produced a long-lasting, positive afterimage of the Enigma figure. Subjects first familiarised themselves with the Enigma illusion using a paper printout of figure 2a. They were then dark-adapted for 15 min and thereafter fixated a dim laser point in the centre of an achromatic Enigma printout that itself could not be seen. A chin-rest was used to stabilise the head. After 3 s of fixation, the figure was flash-exposed with a Metz Mecablitz, Modell 32 Z-1. This resulted in a positive afterimage of about 10 s. Nine naive subjects (mean age 31.6 years; SD 13X5 years) with normal or corrected-to-normal visual acuity participated. The experiment was repeated with two naive subjects with normal vision without the use of a fixation point. Following dark adaptation, these subjects looked straight ahead in the direction of the Enigma figure for flash exposure of the stimulus (for the illusory effect it is not crucial to look right into the stimulus centre). This latter method controls for residual light falling onto the stimulus which might result in jazzing of the original image.
Results and discussion
Apparent rotation was present in the positive afterimage for all subjects; however, the motion was spurious and faster, not the same as seen with direct viewing of the stimulus figure. When the radial lines began to fade, the streaming motion on the annuli also became weaker and soon thereafter disappeared. I conclude that microsaccades are not a prerequisite for the Enigma illusion, although they may enhance the perceived rotary streaming motion. Also, the perceived motion was not only weaker, but also faster than in the original stimulus pattern. Thus, an experiment with a stabilised image of the Enigma figure, similar to Neal's Square of Three' (Kupin et al 1973) would be desirable. No jazzing was observed in the afterimage, confirming Gregory's (1993) observation of MacKay's ray figure.
Experiment 4: Inducers
To account for jazzing following prolonged viewing of his bull-eye and ray figures, MacKay (1957a) hypothesised that stimulus patterns with densely spaced, oriented lines would lead to`complementary' motion by a mechanism that produces competing signals at right angles when stimulated in one orientation. For example, exposure to a star figure with densely packed radial rays would be followed by a percept of spurious circular motion. By the same token, prolonged viewing of a figure consisting of highspatial-frequency concentric annuli would result in perceived radial motion.
In this last experiment I asked whether the radial lines of the Enigma figure impinging orthogonally onto the bipartite annuli may be responsible for the apparent rotation perceived in this illusion. To test for this hypothesis, I presented the black inducing lines of the Enigma figure tilted in opposite directions, thus offsetting both orthogonality and collinearity of the inducers. Five additional variations of the Enigma figure were also tested.
Method
The following variants of the Enigma figure in addition to figure 2a were used: (i) black lines tilted by 258 on one side and 3358 on the other (figure 2c); (ii) an empty annular zone between the inducers (figure 2d; only tested on a paper printout); (iii) dotted lines instead of continuous lines (figure 2e); (iv) round blobs added to the tips of the lines (figure 2f ); (v) fewer radial lines: 64 instead of 128 (figure 2g; only tested on a paper printout); and (vi) black dots randomly distributed on a white background (figure 2h), ie no radial lines at all.
Five naive subjects (mean age 25.4 years; SD 2X9 years) with normal visual acuity were tested. Stimuli were presented once as before on the flat screen of the monitor. Stimuli 2c^2h were also presented on paper ten times each and in a random sequence. The strength of rotary motion was rated on a scale ranging from 0 (no motion as in figure 2i ) to 10 (streaming motion as in figure 2a) . A trial was terminated after 40 s and subjects reported what they had seen.
Results and discussion
Results are shown by the columns in figure 4. Compared to figure 2a (computerised), rotary motion was greatly diminished for all four stimulus patterns in the monitor condition. Mean ratings were: 5.6 (SEM 0X75) for tilted lines; 4.8 (SEM 0X37) for dotted (discontinuous) lines; 6.8 (SD 0X97) for blobs at the end of terminators; and 4.6 (SD 1X03) for a randomly dotted background. All differences, but the one for the blobs, between the variants and the standard Enigma figure were significant (Wilcoxon signed ranks test and Bonferroni corrected t-test for paired samples; p 5 0X005, since 10 t-tests were possible). Ratings for the four stimulus variations did not differ statistically from each other.
Results for the paper printouts are shown by the columns in figure 5 . Compared to the standard stimulus ( figure 2a; computerised) , perceived rotary motion decreased from figure 2c to figure 2h. Mean ratings were: 8.2 (SEM 0X50) for tilted lines; 7.3 (SEM 1X36) for the stimulus with empty annuli; 4.7 (SEM 0X16) for the terminal blobs (terminators); 4.6 (SEM 0X33) for the stimulus with fewer lines; 4.1 (SEM 0X56) for the discontinuous, dotted lines; and 2.3 (SEM 0X49) for a dotted background. Statistical analysis was done by Bonferroni-corrected paired-sample t-tests; p 5 0X002; since 27 t-tests were possible.
In all pair comparisons, ratings for the second stimulus were significantly lower ( p 5 0X0001) than for the first original stimulus (figure 2a; computerised). Further significant differences were found for the comparison between tilted lines and fewer lines, tilted lines and terminators, tilted lines and no lines, terminators and no lines, and fewer lines and no lines ( p 4 0X001). The finding that the illusory rotation on the annuli is diminished when the inducing lines are not radially oriented suggests that orthogonality is essential for eliciting the illusory motion. This is in agreement with results obtained by reporting a monotonic decrease in strength of streaming motion with a decreasing angular difference between the lines on one hand and the abutting zone on the other. I demonstrate here that oppositely tilted lines induce a moderately strong motion; thus collinearity is not needed either. The very weak motion on the randomly dotted background stimulus was reminiscent of jazzing rather than clear streaming motion on the annuli and can thus be neglected.
It is noteworthy that physical annuli are not needed for the Enigma illusion, since I was able to demonstrate that annular zones that became part of the white background elicited the illusion as well (figure 2d).
General discussion
The findings reported here show that coloured annuli are not required for the Enigma illusionöachromatic annuli do as well. If colour is used, blue shades produced the most vivid streaming motion in the stimuli tested. So does a high contrast between the annuli and the background (experiment 1). Even annuli with illusory boundaries (figure 2d, experiment 4) can elicit the illusory effects.
Accommodative changes may be ruled out as causative for the Enigma illusion, as streaming motion was virtually undiminished with a cyclopegic crystalline lens. Lens paralysis with atropine (Zeki 1994) and Tropicamide (this study) yielded the same results (experiment 2).
Rapid eye movements (experiment 3) are not required for eliciting the illusion, as it can still be seen in the afterimage following flash exposure of the stimulus pattern. Yet, microsaccades may enhance the illusion, and an experiment testing for illusory rotation with a stimulus that is stabilised on the retina (but has not yet faded) remains to be done.
The results obtained are in line with Kumar and Glaser (2006) who suggested that eye movements do not play a significant role in generating the illusory streaming motion. Jazzing was not perceived under any of the conditions in experiments 2 and 3.
Tilting the inducing lines (experiment 4) weakened, but did not abolish the illusory effect. Thus, it is not necessary for the inducing lines to impinge orthogonally on the concentric annuli for the Enigma illusion, although the illusion is seen best with radial lines Kumar and Glaser 2006) . The observation that dotted lines and lines with blobs on the tips also produce streaming motion shows that the Enigma illusion cannot be explained within the context of occlusion of radially oriented, collinear rays. Neither can it be accounted for in terms of end-stopped cells (eg Pack et al 2003), responding to terminators, as it would be expected to break down when the terminators are perturbed. For an explanation, one would need to postulate a neural mechanism that signals rotary motion when stimulated by rays, just as MacKay (1957a MacKay ( , 1957b ) did, to account for the occurrence of jazzing in high-frequency, oriented stimulus patterns. Fifty years later, Kumar and Glaser (2006) similarly speculate that high-luminance-contrast gratings that border`empty' stimulus channels of uniform luminance produce high activity in edge-detecting neurons, which, in the absence of neural activity in these empty channels, may induce illusory motion. Neurons conforming to this description are yet to be found. Direction-sensitive neurons in areas MST/MSTd (eg Saito et al 1986; Tanaka et al 1986) could be possible candidates for the illusory effects observed. However, both Fermu« ller et al (1997) as well as have shown that illusory motion comparable to Enigma rotation occurs also in straight and undulating grating patterns.
The finding by Zeki et al (1993) , that brain activation in response to Enigma occurs in visual area V5 (as well as other brain areas that are not activated when stimulated by real motion), suggests that the perception of illusory motion and real motion is mediated by the same specialised region in the brain. This finding localises the illusion, but it does not explain it. Thus, although the boundary conditions of the Enigma illusion are now fairly well known, the neural mechanism underlying it remains to be unveiled.
